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Integrity assessment of piping components is very essential for safe and reliable operation of power plants. Over the
last several decades, considerable work has been done throughout the world to develop a methodology for integrity
assessment of pipes and elbows, appropriate for the material involved. However, there are scope of further develop-
ment/improvement of issues, particularly for pipe bends, that are important for accurate integrity assessment of piping.
Considering this aspect, a comprehensive Component Integrity Test Program was initiated in 1998 at Reactor Safety
Division (RSD) of Bhabha Atomic Research Centre (BARC), India in collaboration with MPA, Stuttgart, Germany
through Indo-German bilateral project. In this program, both theoretical and experimental investigations were under-
taken to address various issues related to the integrity assessment of pipes and elbows. The important results of the
program are presented in this two-part paper. In the part II of the paper, the experimental investigations are discussed.
Part I covered the theoretical investigations. Under the experimental investigations, fracture mechanics tests have been
conducted on pipes and elbows of 200–400 mm diameter with various crack conﬁgurations and sizes under diﬀerent
loading conditions. Tests on small tensile and three point bend specimens, machined from the tested pipes, have also
been done to evaluate the actual stress–strain and fracture resistance properties of pipe/elbow material. The load–
deﬂection curve and crack initiation loads predicted by non-linear ﬁnite element analysis matched well with the exper-
imental results. The theoretical collapse moments of throughwall circumferentially cracked elbows, predicted by the
recently developed equations, are found to be closer to the test data compared to the other existing equations. The role
of stress triaxialities ahead of crack tip is also shown in the transferability of J–resistance curve from specimen to
component.
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Nomenclature
a crack length per crack tip
Anq modiﬁed triaxiality parameter (Eq. (18))
D,Dm,DN outer, mean, nominal diameter of pipe/elbow cross section
E Youngs modulus
h = tRb/R
2, elbow factor or pipe bend characteristics
J J-integral
(Ji)SZW J-initiation toughness from stretched zone width
M total applied moment
ML limit moment (collectively used to deﬁne instability or collapse moment)
M0 limit moment (collectively used to indicate instability or collapse) for defect-free pipe/elbow
P total applied load
q triaxiality parameter (Eq. (15))
R mean radius of pipe/elbow cross section
Rb bend radius of elbow at crown
t wall thickness of pipe/elbow
tav average wall thickness of elbow in crack section
X =ML/M0, weakening factor of throughwall circumferentially cracked elbow collapse moment
due to the presence of crack
Greek symbols
h half circumferential crack angle
ry material yield stress
rf material ﬂow stress deﬁned as the average of yield and ultimate strength
Abbreviations
CMOD crack mouth opening displacement
COD crack opening displacement
J–R J–resistance
J–T J-integral–tearing modulus
NB nominal bore diameter
TCC throughwall circumferentially cracked
TPB three point bend
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Integrity assessment of piping components is very essential for safe and reliable operation of both con-
ventional and nuclear power plants. It is especially important for nuclear power plants because of the appli-
cation of leak-before-break (LBB) concept, which involves detailed integrity assessment of primary heat
transport system piping with postulated cracks. The mechanical evaluation of pipe failures has evolved over
time. While a considerable work has already been done in the last few decades to develop integrity assess-
ment procedure of cracked/un-cracked piping components, some issues are still unresolved or not fully
resolved, especially regarding elbows.
2934 J. Chattopadhyay et al. / International Journal of Solids and Structures 43 (2006) 2932–2958To address these issues, a comprehensive Component Integrity Test Program was initiated in 1998 at
Bhabha Atomic Research Centre (BARC), India in collaboration with MPA, Stuttgart, Germany. In this
program, both theoretical and experimental investigations were undertaken to address various issues re-
lated to the integrity assessment of pipes and elbows. The important results of the program are presented
in this two-part paper. Part I of the paper (Chattopadhyay et al., 2005b) covered the theoretical study. In
this Part II, the experimental investigations are described.
In the experimental investigations, fracture mechanics tests are carried out on cracked pipes and elbows
under quasi-static monotonic loading to validate some of the new theoretical development mentioned in
Chattopadhyay et al. (2005b) and also to address the issue of transferability of fracture data from specimen
to component. Total 45 tests consisting of 27 pipes of various sizes (200–400 mm diameter) with circumfer-
ential cracks of various angles (30–150), conﬁgurations (throughwall/surface), materials (base/weld) and
18 elbows of various sizes (200–400 mm diameter) with throughwall cracks of various angles (60–120),
locations (extrados/intrados/crown), conﬁgurations (circumferential/axial) and in-plane bending modes
(opening/closing) have been tested. However, out of all of them, test results of 7 pipes and 10 elbows
are reported here. Tests on small tensile and SE(B) (also known as three point bend, TPB) specimens, ma-
chined from the pipe of same material and heat, have also been done to evaluate the actual stress–strain and
fracture resistance properties of pipe/elbow material. Finally numerical and analytical studies are per-
formed on these tested specimens and components to compare the test results with the theoretical predic-
tions and also to study the role of stress triaxialities in the transferability of J–resistance curve from
specimen to component.2. Fracture tests on straight pipes
2.1. Test specimens
Test specimens consist of straight pipes made of SA333 Gr6 carbon steel material with throughwall cir-
cumferential crack at the middle of its length. Fig. 1 shows the geometry of the pipe specimens. These pipe
specimens are subjected to four point bending load. The notched test specimens are fatigue pre-cracked by
small amount (2–10 mm at each side) prior to performing the experiment. This ensures a sharp crack tip.
During the fatigue pre-crack, sinusoidal cyclic load is applied. The maximum cyclic load is approximately
10% of the collapse load and minimum cyclic load is 10% of the maximum load. The geometric details of
the test specimens are given in Table 1.Fig. 1. Pipe with throughwall circumferential crack under four point bending load.
Table 1
Details of pipe test specimens
Test no. Outer dia.
(mm)
Thickness
(mm)
Outer span
(Fig. 1) (mm)
Inner span
(Fig. 1) (mm)
Crack angle, 2h
As machined After
fatigue pre-crack
SP BM TWC8-1a 219 15.15 4000 1480 60.0 65.6
SP BM TWC8-2 219 15.10 4000 1480 90.0 93.9
SP BM TWC8-3 219 15.29 4000 1480 120.0 126.4
SP BM TWC8-4 219 15.11 4000 1480 150.0 157.0
SP BM TWC16-1 406 32.38 5820 1480 90.9 96.0
SP BM TWC16-2 406 32.15 5820 1480 121.4 126.3
SP BM TWC16-3 406 32.36 5820 1480 153.0 157.8
a SP = straight pipe, BM = base metal, TWC = throughwall crack, ﬁrst number represent the nominal pipe diameter in inch and
second number represents the test number.
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Tests are carried out on the fatigue pre-cracked pipe specimens at room temperature. Similar type of
tests on pipes and its analysis had been reported by several researchers e.g. Moulin and Delliou (1996), Ka-
shima et al. (1990), Wilkowski et al. (1989), Roos et al. (2000), Darlaston et al. (1992) and Forster et al.
(1996). In the present work, tests are conducted on carbon steel pipes under four point bend loading using
computer controlled servo-hydraulic actuator of ±1 MN capacity. Fig. 2 shows the test set-up. The outer
span of four point bend loading has been 4 and 5.82 m in case of 200 and 400 mm NB pipes respectively.
The inner span of loading is 1.48 m. Static (monotonic) load is applied on the pipe specimens under dis-
placement control. The rate of displacement has been ﬁxed as 0.055 mm/s.Fig. 2. Photograph of pipe fracture test set-up.
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During the fracture experiments, instrumentation are mounted to measure the various parameters,
namely, total applied load, load line displacement, crack growth at both the crack tips, crack opening dis-
placement at various locations of the notch, deﬂection of pipe at typical locations.
The total applied load is measured directly using a strain gauge based load cell connected to the actuator.
The load-line displacement is measured by an in-built linear variable displacement transducer (LVDT) of
the actuator.
Crack growth is measured by image processing system. Crack opening displacements at crack mouth and
at various locations along the length of the crack are measured by clip gauges and image processing tech-
nique. The deﬂections of pipe at some selected locations are measured by LVDT. More details of the test
arrangement and image processing system are described in Chattopadhyay et al. (2000) and Joshi et al.
(1999).
2.4. Test results of cracked pipes
Pipe test results are obtained in the form of load vs. load-point deﬂection, crack growth and crack open-
ing displacement curves. Fig. 3 shows the load vs. load-point deﬂection curves for various pipes. Crack
grows out-of-plane in case of carbon steel pipes. The amount of crack growth is slightly diﬀerent at two
crack tips. To construct the load vs. crack growth (in circumferential direction) curves and generate the
component J–R curves, the average projected crack growth in the plane of the initial crack is taken.
Fig. 4 shows the load vs. crack growth curves for various pipes. Fig. 5 shows the photograph of the typical
crack growth in one of the pipes. Fig. 6 shows the images of complete crack growth process at one tip of the
crack for fracture test no. SPBMTWC8-3. It shows ﬁrst the blunting of the sharp crack tip that is generated
during fatigue pre-crack, its out-of-plane crack growth and taking turn following a zig-zag path.0 50 100 150 200 250
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Fig. 3. Load vs. load-line-displacement curves for various pipes.
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Fig. 4. Load vs. crack growth curves for various pipes.
Fig. 5. Typical crack growth pattern in pipe test specimen no. SPBMTWC8-1.
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Test data on cracked elbows are not so abundant as straight pipes. Experiments were carried out on el-
bows by Greenstreet (1978), Griﬃths (1979), Moulin et al. (1989) and Yahiaoui et al. (2000, 2002). These
Fig. 6. Crack growth images at various stages of loading in carbon steel pipe test no. SPBMTWC8-3 (load in kN and displacement in
mm).
2938 J. Chattopadhyay et al. / International Journal of Solids and Structures 43 (2006) 2932–2958experiments covered elbows without defect and with throughwall axial/circumferential and part-through
cracks. Under the second part of the International Piping Integrity Group (IPIRG-2) Program (Wilkowski
et al., 1998), few experiments were also carried out on elbows. However, the thrust of all the above-
mentioned experiments was mainly the evaluation of limit load from load–deﬂection data. No data on the
measurement of fracture parameters e.g. crack growth, crack initiation loads or crack opening displacement
(COD) were reported in these papers. Considering this aspect of the earlier experiments and also the need
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theoretical aspect of integrity assessment of elbows, fracture tests have been carried out on throughwall
cracked carbon steel elbows of 200–400 mm nominal bore (NB) diameter. The present set of experiments
are carried out at room temperature on 18 carbon steel elbows with throughwall circumferential/axial
cracks subjected to in-plane bending moments. Out of 18 elbows, 10 cases are reported in this paper. These
test data have been analyzed numerically through non-linear ﬁnite element analyses, analytically through
limit load comparison and also through comparison of crack initiation loads. The following para-
graphs describe various aspects of these experiments. More details of these tests may be available in
Chattopadhyay et al. (2005a).
3.1. Test specimens and set-up
Test specimens consist of four 200 mm and six 400 mm nominal bore (NB) diameter 90 elbows made of
ASTM-A333 Gr.6 carbon steel material having a throughwall crack. Three crack conﬁgurations are
tested—throughwall circumferential crack at extrados subjected to closing moment (Fig. 7), throughwall
circumferential crack at intrados subjected to opening moment (Fig. 8) and throughwall axial crack at el-
bow crown subjected to closing and opening moments (Fig. 9). The thickness of elbows along the circum-
ference of the cracked section varies due to the forming process. For each elbow, the thickness has been
measured at 24 locations along the circumference of the crack plane and an average value is taken for
the calculations. The straight pipes of length of 600 mm are welded on both sides of the 200 mm NB elbow.
The length of straight pipe is 400 mm in case of 400 mm NB elbows. The reason for shorter length of
straight pipe for 400 mm NB elbows is the limitation of the test set-up to accommodate maximum 3 m
height of the test specimen. The other end of the straight pipe is welded to a 900 lbs. 200 or 400 mm NB
ﬂange, which is bolted to a circular plate. Fig. 10 shows the schematic drawing of test set-up.
Out of 10 elbows tested, four have throughwall circumferential cracks at the intrados and are subjected
to opening bending moment, four have throughwall circumferential cracks at the extrados and are sub-
jected to closing bending moment and two have throughwall axial cracks at the crown. Out of two axially
cracked elbows, one (200 mm NB) is subjected to closing moment and another (400 mm NB) is subjected to
opening moment. Cracks have been machined on the elbows by a milling process. Before carrying out the
fracture tests, each elbow is fatigue pre-cracked through remote loading by around 3–10 mm on each side of
the crack to have sharp crack tips. It was periodically checked by non-corrosive dye penetrant.crack
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Fig. 7. Schematic drawing of elbow test specimen with throughwall circumferential crack at extrados subjected to closing bending
moment.
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Fig. 8. Schematic drawing of elbow with throughwall circumferential crack at intrados subjected to opening bending moment.
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Fig. 9. Schematic drawing of elbow with throughwall axial crack at crown subjected to closing/opening bending moment.
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quasi-static manner as shown in Fig. 10. Table 2 shows the geometric details of the elbows. The moment
at elbow mid-section is obtained by multiplying the load with the perpendicular distance between the load
line and mid-section of elbow centerline. These distances are 825.72 and 840.22 mm for 200 and 400 mm
NB elbows respectively. Although these distances change during loading of the elbow, the change is neg-
ligible compared to the initial distance and hence not considered in the calculation. Fig. 11 shows the pho-
tograph of one typical 200 mm NB elbow test rig. Crack growth is measured by image processing technique
(Chattopadhyay et al., 2000; Joshi et al., 1999). At the end of test, the fatigue pre-crack length has been
precisely measured after breaking open the crack surface. Crack mouth opening displacement (CMOD)
is measured by clip gauge mounted on two knife edges, spot-welded at the middle of crack length.
3.2. Experimental results
Load–deﬂection curve for each elbow specimen has been obtained. From these load–deﬂection curves,
collapse loads are evaluated by twice-elastic slope (TES) method. Figs. 12 and 13 show the experimental
load–deﬂection curves for 200 and 400 mm NB elbows respectively. The TES collapse points are also shown
in these ﬁgures. Experiment on axially cracked 400 mm NB elbow (test no. ELTWCR16-6) were discontin-
ued before attainment of maximum load because the load went beyond the maximum capacity of the
 Moment arm length
Anchored
To servo hydraulic
actuator 
Elbow test
piece 
Weld
900 lb
Flange 
Straight pipe
Fig. 10. Schematic drawing of elbow test set-up.
Table 2
Details of elbow test specimens
Test reference
number
Rb
(mm)
D
(mm)
tav
(mm)
Moment
arm lengtha
(Fig. 10) (mm)
Crack
orientation
Crack
location
Bending
mode
Crack angles
after fatigue
pre-crack (2h)
ELTWIN8-1 207 219 19.1 825.72 Circumferential Intrados Opening 94.96
ELTWIN8-2 207 219 18.8 825.72 Circumferential Intrados Opening 125.16
ELTWEX8-4 207 219 19.3 825.72 Circumferential Extrados Closing 98.24
ELTWEX8-6 207 219 19.0 825.72 Axial Crown Closing 2a = 109.2 mm
ELTWIN16-1 609 406 36.4 840.22 Circumferential Intrados Opening 95.89
ELTWIN16-2 609 406 36.8 840.22 Circumferential Intrados Opening 122.79
ELTWEX16-3 609 406 35.1 840.22 Circumferential Extrados Closing 64.85
ELTWEX16-4 609 406 35.7 840.22 Circumferential Extrados Closing 94.11
ELTWEX16-5 609 406 37.6 840.22 Circumferential Extrados Closing 124.0
ELTWCR16-6 609 406 36.2 840.22 Axial Crown Opening 2a = 210 mm
a Moment arm length is the perpendicular distance between the loading line and mid-section of elbow center-line for conversion of
load to moment.
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Fig. 11. Photograph of elbow test set-up.
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Fig. 12. Experimental load–deﬂection curves from 200 mm NB elbows.
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Fig. 13. Experimental load–deﬂection curves from 400 mm NB elbows.
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opening/closing), an elbow with higher circumferential crack angle shows lower stiﬀness and load bearing
capacity. This is quite natural as higher crack size weakens an elbow to a greater extent, which reduces its
stiﬀness and load bearing capacity.
Secondly, an elbow with a certain size of throughwall circumferential crack subjected to opening mode
of bending moment has lower collapse load compared to an elbow with the same size of crack subjected to
closing moment. The same behavior has been observed in the numerical analysis, which is described in de-
tail in Chattopadhyay et al. (2004a,b).
Thirdly, an elbow when tested under displacement controlled set-up and subjected to closing bending
moment, load starts falling after certain displacement. In contrast, an elbow when subjected to opening0 3 6 9 12
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Fig. 14. Experimental load–crack growth curves from 200 mm NB elbows.
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Fig. 15. Experimental load–crack growth curves from 400 mm NB elbows.
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plained in Chattopadhyay et al. (2005a) and is not repeated here.
Figs. 14 and 15 show the crack growth observed on outer surface during experiments for 200 and
400 mm NB elbows respectively. Axially cracked elbows with a/Dm  0.28 behaved almost like a defect-free
elbow, as there was no crack initiation. This is because, at crown (also called ﬂank) of the elbow subjected
to in-plane bending moment, hoop stress which is responsible for opening an axial crack is compressive
across half of the thickness and hence cannot open a throughwall crack. Figs. 16 and 17 show the photo-
graph of crack growth of some typical elbows. Table 3 shows the crack initiation, TES collapse and max-
imum loads/moments obtained from the experiments.
Fig. 18 show the load vs. crack mouth opening displacement (CMOD) curves for 400 mm NB elbows.Fig. 16. Crack growth at the end of experiment of 400 mm NB TCC elbow (test no. ELTWEX16-5, 2h = 124, closing moment).
Fig. 17. Crack growth at the end of experiment of 200 mm NB throughwall axially cracked elbow (test no. ELTWCR8-6,
2a = 109 mm, closing moment). No crack initiation was observed.
Table 3
Experimental crack initiation, TES collapse and maximum loads/moments for elbows
Test ref. no. Crack initiation TES collapse Maximum
Load (kN) Momenta (kN m) Load (kN) Momenta (kN m) Load (kN) Momenta (kN m)
ELTWIN8-1 112 92.5 119.2 98.4 154 127.2
ELTWIN8-2 92 76 96.9 80 125 103.2
ELTWEX8-4 125 103.2 131.6 108.7 136 112.3
ELTWCR8-6 No initiation 142 117.2 142 117.2
ELTWIN16-1 665.1 558.8 1020 857 1130 949.4
ELTWIN16-2 601.6 505.5 832 699.1 943 792.3
ELTWEX16-3 1360.4 1143 1382 1161.2 1387 1165.4
ELTWEX16-4 995.5 836.4 1173 985.6 1275 1071.3
ELTWEX16-5 742.5 623.9 943 792.3 976 820.1
ELTWCR16-6 No initiation >Test range 1403b 1178.8b
a Load is converted to moment by multiplying with moment arm length (see Table 2 and Fig. 10).
b Test discontinued at almost elastic range.
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The following sections describe the limit load analysis of the test results. All the pipe/elbows are made of
carbon steel (ASTM-A333Gr.6) material. However, there are small diﬀerences of mechanical properties of
200 and 400 mm NB pipe/elbows materials because of heat-to-heat variation. Elbows are fabricated from
same size of pipes and are assumed to have same tensile properties of the parent pipe. Table 4 show the
mechanical properties of the 200 and 400 mm NB pipe/elbow materials. The initiation toughness (Ji)SZW
is determined as per ESIS (1992).
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Fig. 18. Experimental load–CMOD curves from 400 mm NB elbows.
Table 4
Mechanical properties of SA 333 Gr 6 steel at room temperature
200 mm NB pipe/
elbow material
400 mm NB pipe/
elbow material
Yield stress, ry (MPa) 288 312
Ultimate tensile stress, ru (MPa) 420 459
Youngs modulus of elasticity, E (GPa) 203 203
Percentage elongation 36.2 39.1
Percentage reduction in area 76.64 76.15
Poissons ratio, m 0.3 0.3
Initiation toughness, (Ji)SZW (N/mm) 220 236
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In this section, the experimental maximum moments are compared with the theoretical limit moments.
Limit moment is calculated as follows (Kanninen et al., 1982):ML ¼ 4R2trf ½cosðh=2Þ  0.5 sinðhÞ ð1Þ
where R is the mean radius of the pipe cross section, t is the wall thickness, rf is the pipe material ﬂow stress
taken as the average of yield and ultimate stress and h is the semi-crack angle. Moulin and Delliou (1996)
suggest a reduction factor of 0.85 to the Eq. (1) to take care of the crack propagation at maximum mo-
ment. Eq. (1) is then modiﬁed asM c ¼ 0.85 4R2trf ½cosðh=2Þ  0.5 sinðhÞ ð2Þ
Eﬀort has also been made to compare the experimental maximum moment with theoretical predictions of
the critical moments as per the G factor approach by Kashima et al. (1990). As per the G factor approach,
critical moment of a circumferentially cracked pipe is given as follows:M c ¼ ML=G ð3Þ
G ¼ f0.692 0.0115DNg þ f0.188þ 0.0104DNglog10ðhÞ 6 6 DN 6 30 ð4Þ
Table 5
Comparison of maximum experimental moments with theoretical predictions (numbers in the bracket show the percentage diﬀerence as
per Eq. (5))
Test no. Expt. Predicted critical moments
ðMmaxÞexpt.
4R2trf
ðMLÞEq: ð1Þ
4R2 trf
ðMcÞEq: ð2Þ
4R2 trf
ðMcÞEq: ð3Þ
4R2 trf
SPBMTWC8-1 0.6965 0.688 (+1.22) 0.585 (+16.0) 0.681 (+2.22)
SPBMTWC8-2 0.559 0.552 (+1.25) 0.469 (+16.1) 0.524 (+6.26)
SPBMTWC8-3 0.3977 0.405 (1.83) 0.344 (+13.5) 0.373 (+6.21)
SPBMTWC8-4 0.2702 0.284 (5.11) 0.241 (+10.8) 0.255 (+5.62)
SPBMTWC16-1 0.4626 0.542 (17.2) 0.461 (+0.34) 0.491 (6.13)
SPBMTWC16-2 0.3622 0.406 (12.1) 0.345 (+4.75) 0.354 (+2.26)
SPBMTWC16-3 0.2468 0.281 (14.0) 0.239 (+3.04) 0.238 (+3.44)
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collapse moment as per Eq. (1). The value of G 0 is more than 1.0 and takes care of the onset of ductile
tearing prior to plastic collapse. Table 5 shows the comparison of the experimentally observed maximum
moment with the predictions of critical moments as per G factor approach (Eq. (3)), and also the collapse
moments (Eq. (1)) and modiﬁed collapse moments (Eq. (2)). It also shows the percentage diﬀerence between
the predicted and experimental values where diﬀerence is deﬁned as% Difference ¼ ðExperiment PredictedÞ  100=Experiment ð5Þ
Therefore, positive diﬀerence indicates that the prediction is conservative. Fig. 19 shows the comparison of
experimental maximum moments with the predictions as per Eqs. (1) and (2). It is seen from Table 5 that
the critical moments by G factor approach match very closely with the experimental data. However, in one
case out of seven, the prediction is slightly non-conservative. It is seen from Table 5 and Fig. 19 that, for
200 mm NB pipes, the collapse moments and experimentally observed maximum moments are very close0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
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Fig. 19. Comparison of theoretical limit moment with experimental maximum moment.
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that 200 mm NB pipes have failed in plastic collapse whereas 400 mm NB pipe have failed due to ductile
tearing prior to the collapse. This is also corroborated by the load vs. crack growth curves in Fig. 4 where it
is seen that before attainment of maximum moment, crack growth in case of 200 mm NB pipes is very small
compared to 400 mm NB pipes. Fig. 19 also shows that all the experimental points are conservative with
respect to the predictions as per Eq. (2).
4.2. Elbow
Miller (1988) proposed in-plane collapse moment (ML) equations for throughwall circumferentially
cracked (TCC) elbows as follows:ML
M0
¼ 1 3h
2p
ð6Þ
M0 ¼ 0.935ð4R2trfÞh2=3 ð7Þ
where 2h is the circumferential crack angle, h = tRb/R
2 is the elbow factor or bend characteristics, Rb is the
mean bend radius, R is the mean radius of elbow cross section, t is the wall thickness and rf is the material
ﬂow stress usually taken as average of yield and ultimate strength. The equation proposed by Zahoor
(1989–1991) for TCC elbow is as follows:ML ¼ M0 1 0.2137 aDm
 
 0.0485 a
Dm
 2
 1.0559 a
Dm
 3" #
ð8Þ
Applicability : a=Dm 6 0.8; h 6 0.5 and Dm=tP 15whereM0 is as deﬁned in Eq. (7), a is the half crack length and Dm is the mean diameter of the elbow cross
section. The in-plane collapse moment equation proposed by Zahoor (1989–1991) for throughwall axially
cracked short radius elbow is as follows:ML ¼ M0 1 0.15 aDm
  
ð9ÞHowever, these equations do not diﬀerentiate between opening and closing modes of bending moment.
Recently, Chattopadhyay et al. (2004a,b) proposed improved collapse moment formulas for TCC elbows
under closing and opening moments which are described brieﬂy in Part 1 of the paper (Chattopadhyay
et al., 2005b). These newly proposed equations for closing moments are as follows:ML ¼ M0  X ð10Þ
M0 ¼ 1.075h2=3ð4R2tryÞ ð11ÞThe function X is shown in Table 6.
For opening moment, the basic form of the equation is same as closing mode given in Eq. (10) with M0
and X deﬁned for 5 6 R/t 6 20 as follows:
M0
4R2try
¼ 1.0485h1=3  0.0617 ð12Þ
X ¼ 1.127 1.8108 h
p
 
for 45 6 2h 6 150 ð13Þ
¼ 1 0.8 h
p
 
for 0 6 2h 6 45
Table 6
Equations of weakening factor (X) for TCC elbows under closing mode (A0, A1 and A2 values for function X = A0 + A1 Æ (h/p) + A2.
(h/p)2)
R/t A0 A1 A2 h
5 1.1194 0.7236 2.0806 for 45 6 2h 6 150 and X = 1 for 2h < 45
7.5 1.1185 0.3420 2.5200 for 60 6 2h 6 150 and X = 1 for 2h < 60
10 0.9655 1.0152 4.6800 for 60 6 2h 6 150 and X = 1 for 2h < 60
15 1.1400 0.3000 3.6000 for 90 6 2h 6 150 and X = 1 for 2h < 90
20 0.6400 3.4200 7.9200 for 90 6 2h 6 150 and X = 1 for 2h < 90
Table 7
Comparison of experimental collapse moments with theoretical predictions (the bracketed numbers indicate the percentage diﬀerence
with respect to experimental values)
Test no. Expt. TES
collapse moment
(kN m)
Predicted collapse moment (kN m)
Chattopadhyay et al.
(2004a,b, 2005b),
Eqs. (10)–(13)
Miller (1988),
Eqs. (6) and (7)
Zahoor (1989–
1991),
Eqs. (7)–(9)
ELTWIN8-1 98.4 101.1 (2.7)a 82.3 (16.4) 112.8 (14.6)
ELTWIN8-2 80.0 76.0 (5) 63.6 (20.5) 92.65 (15.8)
ELTWEX8-4 108.7 100.2 (7.8) 82 (24.6) 113.2 (4.1)
ELTWEX8-6 117.2 – – 129.5 (10.5)
ELTWIN16-1 857.0 847.1 (1.2) 807.9 (5.7) 1109.6 (29.5)
ELTWIN16-2 699.1 678.8 (2.9) 669.2 (4.3) 971.8 (39)
ELTWEX16-3 1161.2 1092.3 (5.9) 923.4 (20.5) 1153.6 (0.7)
ELTWEX16-4 985.6 962.1 (2.4) 792.5 (19.6) 1083.3 (9.9)
ELTWEX16-5 792.3 819.4 (3.4) 682.8 (13.8) 993.1 (25.3)
ELTWCR16-6 >Test range – – –
a % Diﬀerence = [(expt.  predicted)/expt.] · 100%.
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the theoretical predictions through Eqs. (6)–(13). The experimental TES collapse loads are converted to
moment by multiplying the load with the moment arm length as given in Table 2 and shown in Fig. 10.
Table 7 shows the comparison of collapse moments. It may be seen from Table 7 that the predicted collapse
moments using the presently proposed Eqs. (10)–(13) are quite close (with in 8%) to the test data. In con-
trast, the predictions by Zahoors (1989–1991) Eqs. (7)–(9) are mostly non-conservative (maximum 39%)
and also not close to test data. It may also be noted that Zahoors equations are not strictly applicable here
as these elbows have R/t  5 where as Zahoors equation are valid for R/tP 7.5. This highlights the geo-
metric limitations of the Zahoors equations. The predictions by Millers (1988) Eqs. (6) and (7) are seen to
be grossly conservative (maximum 25%) with respect to the test data, which was also observed by Yahiaoui
et al. (2002).5. Finite element analysis of test data
This section describes brieﬂy the ﬁnite element analysis of the TPB specimens, pipes and elbows for com-
parison between test results and numerical prediction. More details may be found in Pavankumar et al.
(2002, 2003).
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The 3-D elastic–plastic ﬁnite element analyses have been carried out on cracked piping components and
the specimens. Due to symmetry in both geometry and the loading conditions only one fourth of the TPB
specimen, pipe and elbows are modeled. Fine mesh has been provided near the crack front to obtain the
steep stress/strain gradients accurately. The side-groove is also modeled in the case of the TPB specimens.
Fig. 20 shows the typical ﬁnite element mesh for cracked pipe. The ﬁnite element mesh for TPB specimen
consists of 5606 nodes and 1023 elements, for cracked pipe it is 8231 nodes and 1404 elements and for
cracked elbow it is 5763 nodes and 966 elements. The large strain, large displacement relations based on
geometry changes are assumed in the analysis. The isoparametric 20-noded elements are adopted in the
models. Reduced order of integration (2 · 2 · 2) is used to eliminate artiﬁcial locking under incompressibil-
ity condition imposed by plastic deformation. The analyses are done using the ﬁnite element program
WARP3D (Kopenhoefer et al., 1998). The ﬁnite element analysis is done under displacement control to
simulate the experimental procedure. Non-linear material behavior is modeled using incremental plasticity
with Von Mises yield function associated ﬂow rule and isotropic hardening. The true stress–strain curve
obtained from a uni-axial test is given as the input to the material model.Fig. 20. Finite element mesh employed to model pipe with throughwall circumferential crack.
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The tensile specimens have been machined from 200 mm and 400 NB pipes made of SA333Gr6. Fig. 21
shows the stress–strain curves for 200 mm NB pipe/elbow material. The uni-axial true-stress–strain curve is
modeled in piecewise linear fashion as indicated in Fig. 21. The data is given up to the ultimate tensile stress
level. After this point, the response is assumed as perfectly plastic. The material with the extended yield
plateau, followed by strain hardening region produced numerical instability. Therefore, the yield plateau
is replaced as shown in Fig. 21 to eliminate the instability and to allow the use of larger load steps. Solution
computed using much smaller load steps and the actual stress–strain curve showed that the results are
insensitive to the modiﬁcation of the stress–strain curve (Pavankumar et al., 2002).0.0 0.1 0.2
0
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Fig. 21. Stress–strain input to ﬁnite element analysis for 200 mm NB pipe/elbow material.
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Fig. 22. Comparison of load–deﬂection curve for TPB specimen.
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5.3.1. Load–deﬂection curve
The comparison of numerical and experimental load–deﬂection characteristics of the typical TPB spec-
imen, full-scale pipe and elbow is shown in Figs. 22–24. The numerical and experimental results agreed well.
The good matching between experimental and numerical results ensures the validation of the numerical
model as well as experimental results. As expected, the numerical model shows higher stiﬀness just before
the maximum load occurs. This is because of the assumption of the stationary crack in the model without
considering the crack growth.0 50 100 150 200
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Fig. 23. Comparison of load–deﬂection curve for one typical tested pipe.
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Fig. 24. Comparison of load–deﬂection curve for one typical tested elbow.
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Fig. 25. Determination crack initiation load by ﬁnite element analysis for 200 mm NB pipes and elbows.
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The initiation toughness (Ji)SZW, obtained from the stretched zone width (SZW) can be used to determine
the load at onset of ductile crack growth. Investigations (Joyce and Link, 1997; Schuler et al., 1994; Eisele
et al., 1994) have shown that (Ji)SZW is more or less independent of stress triaxiality and can be treated as a
material property. Hence, it is possible to predict the crack initiation loads by comparing (Ji)SZW determined
from the laboratory specimen with the calculated crack driving force (applied J-integral) of the cracked com-
ponent. The comparison here is shown for 200 mm NB pipes and elbows. The (Ji)SZW for 200 and 400 mm
NB pipe/elbow materials is shown in Table 4. Fig. 25 shows the variation of crack driving force (J-integral),
obtained from ﬁnite element analysis, with the load for 200 mmNB pipes and elbows. It should be noted that
the J-integral varies across the thickness. The J-integral is maximum at the mid-thickness and low at the out-
side/inside surfaces. The average J-integral is calculated using the following equation.Table
Compa
Compo
Throu
ThrouJ ave ¼ ðJ in þ 4Jmid þ JoutÞ=6.0 ð14Þ
This average J-integral is used to predict global crack initiation load. Table 8 compares the experimental
and numerical results. As the point of physical crack initiation is diﬃcult to identify experimentally, the8
rison of crack initiation load
nent Test no. Crack initiation load (kN) % Diﬀerence (Eq. (5))
Expt. Predicted by FEM
ghwall cracked pipe SPBMTWC8-1 194 195 0.5
SPBMTWC8-2 148 150 1.3
SPBMTWC8-3 116 114 1.7
ghwall cracked elbow ELTWIN8-1 112 104 7.1
ELTWIN8-2 92 70 23.9
ELTWEX8-4 125 134 7.2
ELTWCR8-6 No initiation – –
ELTWIN16-1 665.1 621 6.6
ELTWIN16-2 601.6 474 21.2
ELTWEX16-3 1360.4 1249 8.2
ELTWEX16-4 995.5 989 0.6
ELTWEX16-5 742.5 770 3.7
ELTWCR16-6 No initiation – –
2954 J. Chattopadhyay et al. / International Journal of Solids and Structures 43 (2006) 2932–2958load at a crack growth of 0.2 mm (SZW  200 lm for this material (Tarafder et al., 2000)) is considered the
crack initiation load. The crack initiation loads predicted by ﬁnite element method show good agreement
with the experimental results.6. Transferability of J–R curve from specimen to component
Ductile tearing resistance of a material is conventionally characterized by a J–resistance (J–R) curve,
which is obtained from laboratory fracture specimens. The original idea was that one unique fracture resis-
tance curve would suﬃce to characterize the material. However, testing of diﬀerent types of specimens
under various loading conditions revealed considerable diﬀerences in the J–R curves, especially in the slopes
(Joyce and Link, 1997). This raises the question on transferring the fracture parameters from specimens to
the component level. It has been found that constraint/stress triaxiality ahead of crack tip inﬂuences the
J–R curves (Joyce and Link, 1997; Schuler et al., 1994; Eisele et al., 1994). The standards for fracture testing
often enforce high-constraint conditions in the specimens to obtain a conservative index of material tough-
ness. The application of J–R curves from these specimens to the low-constraint structural applications
introduces high degree of conservatism into the design. This can lead to increase in safety margin, when
other safety factors are included. The total conservatism inherent in a particular design can become exces-
sively large and the true safety factor is not known. A reverse problem occurs, when the fracture toughness
data are obtained on relatively low-constraint specimens and then used in high-constraint applications.
This would make the design non-conservative. The transferability of the specimen J–R curve to component
level is thus an important issue in fracture mechanics. Two-parameter fracture mechanics approach have
been tried to describe the eﬀect of constraint on ductile tearing resistance and thereby resolving the issue
of transferability. In the two-parameter fracture mechanics approach (Clausmeyer et al., 1991; Betegen
and Hancock, 1991; ODowd and Shih, 1991; Chao and Ji, 1995; Dodds et al., 1991), the ﬁrst parameter
reﬂects the scale of crack tip deformation (e.g. J-integral) and the second parameter is used to quantify
the level of stress triaxiality. If the triaxial conditions are found to be similar then it is believed that the
J–R curves are transferable within certain circumstances such as the original crack length not inﬂuencing
the stress triaxiality (Pavankumar et al., 2002). These conditions are evident for the geometries where the
ligament length is large for the bending geometries and geometries that are predominately under tension.
Joyce and Link (1997) discuss the application of two-parameter fracture mechanics to the analysis of
structures.
There are various parameters to quantify the stress triaxiality or constraint ahead of the crack tip. How-
ever, in this study, the multi-axiality quotient, q as proposed by Clausmeyer et al. (1991) and later modiﬁed
by Pavankumar et al. (2003) is used. The parameters are as deﬁned below:q ¼ reﬃﬃﬃ
3
p
rm
ð15Þwhererm ¼ ðr1 þ r2 þ r3Þ=3.0 ð16Þ
re ¼ ½ðr1  r2Þ2 þ ðr2  r3Þ2 þ ðr3  r1Þ21=2=p2 ð17Þ
re = von-Mises eﬀective stress; rm = hydrostatic stress; r1, r2, r3 are the principal stresses.
The small values of q represent high degree of stress triaxiality according to this deﬁnition. Since, q
varies across the ligament for low-constraint geometries, a question may arise regarding the extent of lig-
ament length to be considered for the comparison of stress triaxiality of specimen and various components.
Further, q alone cannot describe the level of stress triaxiality in a geometry. The slope of q i.e. dq/dx has
J. Chattopadhyay et al. / International Journal of Solids and Structures 43 (2006) 2932–2958 2955also to be considered along with q to assess the crack growth behavior. Therefore, the triaxiality has to be
considered over a certain length in the ligament ahead of the crack tip. Consequently, Pavankumar et al.
(2003) modiﬁed the q parameter and proposed a new parameter, Anq as deﬁned below:Anq ¼
R 5J=r0
J=r0
qdxR 5J=r0
J=r0
qc dx
ð18Þwhere, q is the multi-axiality quotient, qc is the critical value of multi-axiality quotient (= 0.27), dx is the
distance across the ligament, J is the J-integral, r0 is the yield stress.
These parameters (i.e. q and Anq) have been evaluated for side-grooved TPB specimen (a/w = 0.5) which
are machined from 200 mm NB pipes, 200 mm NB pipes having various sizes of throughwall circumferen-
tial crack subjected to four point bending load (see Table 1 for details) and also for 200 mm NB elbows
having throughwall circumferential cracks at extrados/intrados subjected to closing/opening bending mo-
ment (see Table 2 for details). Fig. 26 shows the variation of Anq with J-integral for TPB specimen and
pipes and elbows. It may be seen that stress triaxiality ahead of crack tip, quantiﬁed by the parameter
Anq is almost identical for all these pipes and elbows and TPB specimen. This implies that J–R curves gen-
erated from all these components and specimens should be same. Fig. 27 shows the J–R curve generated
from TPB specimen, three pipes and three elbows mentioned in Tables 1 and 2. The TPB specimen J–R
curve has been extrapolated beyond test range linearly on J–T space keeping the slope same as that at
the last test data point as per NUREG Report (1984) where T indicates tearing modulus (Paris et al.,
1979). From linearly extrapolated J–T curve, J–R curve has been generated using the equations derived
in Chattopadhyay et al. (1999). The J–R curves from pipes are taken from Chattopadhyay et al. (2000).
The J–R curves of elbows have been evaluated using the newly proposed gpl and c functions
(Chattopadhyay et al., 2005b) and details are available in Chattopadhyay et al. (2004c,d). Fig. 27 shows
that J–R curve from all these components and specimens are indeed identical, because of identical stress
triaxialities in a region ahead of the crack tip. This shows the role of stress triaxialities in the transferability
of J–R curve from specimen to component.50 100 150 200 250 300 350
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Fig. 26. Variation of constraint parameter (Anq) with J-integral for various pipes and elbows.
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Experimental investigations of a comprehensive Component Integrity Test Program are described in this
paper. As a part of these investigations, fracture mechanics experiments have been conducted on pipes and
elbows of 200–400 mm diameter with various crack conﬁgurations and sizes under diﬀerent loading condi-
tions. Tests on small tensile and three point bend specimens, machined from the pipe of same material and
heat, have also been done to evaluate the actual stress–strain and fracture resistance properties of pipe/el-
bow material. The load–deﬂection curve and crack initiation loads predicted by non-linear ﬁnite element
analysis matched well with the experimental results. The theoretical collapse moments of throughwall cir-
cumferentially cracked elbows, predicted by the recently developed equations, are found to be closer to the
test data compared to the other existing equations. The role of stress triaxialities ahead of crack tip is also
shown in the transferability of J–resistance curve from specimen to component.Acknowledgements
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